Stored products represent an enormous economic output, but insects regularly immigrate into stored products from the surrounding landscape throughout the postharvest supply chain. Long-lasting insecticide-incorporatednetting (LLIN), which usually contains an incorporated pyrethroid, has been used as part of a strategy to reduce the spread of malaria in tropical regions since the 1990s and has only recently been considered for its application in pre-and postharvest agricultural contexts. The goal of this study was to determine how short-term exposure to LLINs in the laboratory impacts the locomotory behavior and mortality for adult Tribolium castaneum (Herbst), (Coleoptera: Tenebrionidae) red flour beetle, and Rhyzopertha dominica (Fauvel), (Coleoptera: Bostrichidae) lesser grain borer, at different periods of time after exposure. Exposure to LLINs resulted in multiple-fold reductions in the distance moved and elevated angular velocity in both species that quickly took effect and persisted even after 168 h compared with adults exposed to control netting. R. dominica was somewhat more susceptible than T. castaneum to LLINs. Finally, the dispersal capacity of both species, measured as ability to move to a remote resource patch, was significantly impaired or absent after exposure to LLINs compared to adults exposed to control netting. Our results demonstrate that LLINs are a promising new technology for reducing infestation by stored product insects since even short exposures limit movement and ultimately lead to knockdown and death.
One potential new tool to reduce insect infestation is long-lasting insecticide-incorporated netting (LLIN, hereafter) . These fine mesh nets are usually formulated with a pyrethroid insecticide such as permethrin or deltamethrin, and can be effective for up to a year or even longer (Rozendaal 1997 , Martin et al. 2007 ). Since the mid-1990s, LLINs have been employed in tropical and subtropical regions of the world to control mosquitoes and reduce the spread of malaria (Alonso et al. 1991 , Lengeler 2004 , Kitchen et al. 2009 ) and to kill vectors of other arthropod-borne diseases (Dutta et al. 2011) . This strategy has also been used to protect livestock against arthropodborne diseases, such as suppressing the abundance of the bluetongue virus vector Culicoides imicola Kieffer (Diptera: Ceratopogonidae) among cattle in sheds (Calvete et al. 2010) . Unlike the early versions of the nets, which required repeated treatment with insecticides over time, LLINs are constructed such that insecticide moves to the surface of the netting material over time, producing multi-year residual efficacy (Martin et al. 2007 ). In the past few years, LLINs have been evaluated for their utility in protecting crops before harvest in agriculture. For example, in squash ecosystems, LLINs were used successfully to exclude aphids and decrease the spread of Cucumber mosaic virus and Cucurbit aphid-borne yellows virus (Dáder et al. 2015) . LLINs are also being evaluated as a potential tool in the management of invasive Halyomorpha halys (Stål) (Hemiptera: Pentatomidae) to directly kill the insect and for use as a killing agent in a monitoring trap (Kuhar et al. 2017 , Morrison et al. 2017a ). Most recently, LLINs are being considered for their ability to control postharvest insects (Scheff et al. unpublished data) . However, that study found that very long exposure times to the LLIN were required to induce mortality and knockdown; thus, it remains uncertain whether brief bouts of exposure to LLINs will be sufficient to prevent dispersal of insects to commodities. Additionally, another challenge with currently available LLINs is that they do not provide a substantial physical barrier because most stored product insects are small enough to pass through the netting material. As a result, the question remains as to whether exposure to the netting will have sufficiently pronounced effects on the behavior of stored product insects to reduce their dispersal after contact and thus serve as an effective barrier to insect immigration.
There are over 100 species of insects that attack products in food facilities, with a diverse set of life histories (Hagstrum and Subramanyam 2006) . However, two vastly different life histories are represented by Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) and Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae). Both species are widely distributed and economically important postharvest insects: T. castaneum in mills and R. dominica in bulk stored grain. T. castaneum is a secondary feeder (Hagstrum and Subramanyam 2006) , feeding on already broken grain, a relatively weaker flier, and mostly confined to facilities and local areas around which grain is processed (Drury et al. 2009 , Ridley et al. 2011 . By contrast, R. dominica is a primary feeder, with larvae feeding and developing on kernels internally (Hagstrum and Subramanyam 2006) , while also being a strong flier (Edde and Phillips 2006 ) and long-distance disperser (Mahroof et al. 2010 ). If LLIN can be shown to be behaviorally compatible for two species with such divergent life histories, it is probable that LLIN will be a promising technology against a variety of other stored product insects.
Exposure to insecticides, whether from LLIN or in other contexts, not only have direct lethal effects, but may have sublethal effects on the behavior of insects. Sublethal effects may consist of alterations in host finding, mating behavior, feeding behavior, dispersal ability, and locomotion (Haynes 1988 , Desneux et al. 2007 ). Especially important to consider for potentially immigrating stored product insects is locomotory behavior and dispersal ability. Prior work has documented both increased locomotion after contact with insecticides, for example with exposure of Triatoma infestans (Hemiptera: Reduviidae) to films of deltamethrin (Alzogaray et al. 1997) , and decreased horizontal movement, vertical climbing, and flight capacity in H. halys after brief exposure to insecticides (Morrison et al. 2017b) . In an insecticide-susceptible strain of the maize weevil, Sitophilus zeamais (Motschulsky) (Coleoptera: Curculionidae), movement decreased when adults were in deltamethrin-treated filter paper-lined plastic arenas ). However, the behavioral effects of insecticides on stored product insects have been neglected in the past (Guedes et al. 2011) , despite their importance to evaluating overall insecticide efficacy (Boyer et al. 2012) .
For LLINs to be an effective control measure, they must be compatible with the biology and behavior of stored product insects. Pyrethroids, which are the active ingredient in many LLINs, may have deleterious behavioral side effects in some arthropods, such as repellency (Katz et al. 2008) . This would prevent the use of LLIN from effectively intercepting pests as they immigrate to stored product facilities. However, we importantly found no evidence of longdistance or contact repellency from LLIN against T. castaneum and R. dominica (Scheff et al. unpublished data) . Nonetheless, there are several other considerations that must be met for LLIN to be behaviorally compatible with stored product pests and be potentially effective as a control tactic. Most importantly, LLIN must ultimately reduce dispersal by stored product insects to new food patches after brief contact with the material. Therefore, the objectives of this study were to 1) evaluate changes in locomotor behavior for T. castaneum and R. dominica after varying exposure times to LLIN and postexposure holding durations and 2) elucidate whether brief contact with LLIN prevents dispersal of both species.
Materials and Methods

Colony Maintenance and Experimental Insects
For each assay, 4-to 8-wk-old adult T. castaneum (field-derived colony from Hudson, KS in 2012) and R. dominica (field-derived colony from outside a mill in Russell, KS in 2012) were used. T. castaneum was continuously reared on 95% unbleached, organic flour with 5% brewer's yeast added, while R. dominica was reared on organic rice, and both were held in an environmental chamber set at 27.5°C, 60% RH, and 14:10 (L:D) h photoperiod. All individuals were starved for 24 h prior to use.
Movement Assay
To understand the sublethal effects of netting exposure on the locomotion of T. castaneum and R. dominica, the following three-way full factorial assay was used. Mixed-sex adult beetles were exposed to long-lasting insecticide polyethylene screen netting (D-Terrence, Vestergaard Inc., Lausanne, Switzerland) incorporated with 0.4% deltamethrin or control netting that had identical physical properties but lacked insecticide. Adults were exposed in sets of three for 1-, 5-, or 10-min intervals in 24-× 24-cm 2 Petri dishes with the netting secured on the bottom of the dish with tape. After exposure, adults were tested immediately or had a postexposure holding duration of 24, 72, or 168 h individually in plastic containers (4 × 4 cm H:D) under the same environmental chamber conditions as the colonies (see Colony Maintenance and Experimental Insects), but held without supplemental food. Movement of adults was tracked in six individual Petri dishes (90 × 15 mm D:H) with a piece of filter paper (85 mm D, Grade 1, GE Healthcare, Buckinghamshire, United Kingdom) lining the bottom for 2 h using a network camera (GigE, Basler AG, Ahrenburg, Germany) affixed 80 cm above the dishes. The Petri dishes were backlit using a LED light box (42 × 30 cm W:L, LPB3, Litup, Shenzhen, China) to increase contrast and affixed in place with white foam board. Video was streamed to a computer and processed in Ethovision (v. 10.0.828, Noldus Inc., Leesburg, VA) . The program was used to calculate the total distance moved (cm) and the mean angular velocity (deg/s) over the 2-h period for each adult. Angular velocity was tracked because it is a measure of how erratic movements are for individuals, with higher angular velocity indicating less directed, more erratic movements. Each adult was considered a replicate and was never used more than once. The condition of each adult was recorded as alive (normal movement speed and activity), affected (sluggish movements or on back with legs twitching), or dead (motionless even after prodding) according to the definitions in (Morrison et al. 2017b ). In total, 18 replicates were performed per treatment combination, and a total of 432 adults were tested per species.
For all analyses of movement after netting exposure, only those adults that were recorded as alive or affected at the end of the trials were used in the analysis. To analyze the data from the movement assay, two 4-way ANOVAs with the same form were used per species, one for the total distance moved and another for the mean angular velocity over the 2-h period. There were four fixed explanatory variables: presence of insecticide in netting (LLIN or control netting), exposure time (1, 5, or 10 min), postexposure holding duration (0, 24, 72, or 168 h), and sex (male or female, for T. castaneum only). The second-and third-order interactions between the first explanatory three variables were also represented in the model. The model for R. dominica did not include sex as a variable, because the sex of adult R. dominica beetles is not possible to differentiate (see Edde 2012) . Because the data did not fulfill the assumptions of normality, they were log-transformed, and inspection of residuals confirmed that assumptions were subsequently fulfilled. Upon a significant result from the ANOVA, pairwise comparisons were performed with Tukey's HSD. For this and all other tests, R Software (R Core Team 2017) was used, with α = 0.05 except where otherwise noted.
The associated mortality data for the movement assay was analyzed with logistic regression, with condition of the beetle (alive or affected + dead) treated as the response variable. Fixed, explanatory factors in the model included the same as those above, with the exception of sex. Because of over-dispersion in the dataset, a quasi-poisson distribution was used to model the data. Tests for significance were conducted using a log-likelihood test based on a χ 2 distribution. Upon a significant result from the test, pairwise comparisons were performed with χ 2 tests using a Bonferroni correction to the P value. Finally, to assess whether exposure to insecticide netting started to impair mobility during an Ethovision trial, the initial 2-h Ethovision trials were split up into four, 30-min intervals (0-30 min, 30-60 min, 60-90 min, and 90-120 min), and the explanatory factors listed above for the model were collapsed into the following four categories: 1) immediate exposure (adults immediately run after exposure) and LLIN-exposed, 2) immediate exposure and control netting-exposed, 3) nonimmediate exposure (adults run 24, 72, and 168 h later) and LLIN-exposed, and 4) nonimmediate exposure and control netting-exposed. These data were graphed for both species, and post-hoc contrasts using Fisher's LSD and Bonferroni correction to P values were performed for treatments at 0-30 and 90-120 min for distance moved and angular velocity.
Dispersal Assay
To evaluate whether T. castaneum and R. dominica can reach new food patches after exposure to netting, we employed a dispersal assay modified from Arnold et al. (2017) . The dispersal apparatus consisted of an introduction container with no food material (5 × 6.5 cm D:H), PVC pipe (5 mm I.D.) of variable lengths, and a container with 20 g of unbleached, organic flour for T. castaneum or rice for R. dominica that represented a 'new' food patch. The two containers were fixed at a spacing of 25, 75, or 175 cm apart using a piece of wood (5 × 10 cm H:W) with recessed seating for the containers. A single piece of cotton twine was threaded through the apparatus for the beetles to walk along, with one end contacting the bottom of the introduction chamber and the other end terminating halfway into the container with food so that there was no return movement once beetles had committed to dispersing to the new food patch. Adult beetles were exposed to either LLINs or control netting for 5 min as described above, and then held postexposure for 1 min, 10 min, or 24 h before being placed in sets of 20 single-sex (T. castaneum) or mixed-sex adults (R. dominica) in the introduction container of the apparatus. Adults were given 48 h to disperse to the new food patch in an environmental chamber set at 30°C, 65% RH, and 14:10 (L:D) h photoperiod. At the conclusion of the trial, the number of adults reaching the new food patch was counted. As above, the condition of each adult was recorded as alive, affected, or dead. In total, there were 12-18 replicates per treatment combination, with a total of 218 separate runs.
For the dispersal assay, a three-way ANOVA was used with the number of adults reaching the new food patch (dispersal cup) as the response variable. Each model used the dispersal distance (25, 75, and 175 cm), the postexposure holding duration (1 min, 10 min, or 24 h), and sex (male or female) as fixed, explanatory variables. As above, the model for R. dominica did not use sex as an explanatory variable because of difficulty in sexing adult beetles. Residuals were inspected to confirm assumptions of normality and homogeneity of variances was fulfilled, and no transformation was deemed necessary. Upon a significant result from the ANOVA, Tukey's HSD was used for pairwise comparisons. The associated mortality data were analyzed with a logistic regression using the same form as for the ANOVA above and with the same procedure as the mortality for the movement assay.
Results
Movement Assay: T. castaneum
In total, 864 h of movement was recorded for T. castaneum. Exposure to LLINs significantly decreased the distance moved by T. castaneum (F = 102; df = 1, 404; P < 0.0001) over threefold compared with exposure to control netting (Fig. 1 ). The exposure time did not significantly affect the distance moved by T. castaneum (F = 0.073; df = 1, 404; P < 0.93). There was no significant interaction between exposure time and presence of insecticide in the netting (F = 2.05; df = 2, 404; P = 0.13). The postexposure holding duration, however, significantly altered the distance moved by T. castaneum (F = 17.0; df = 3, 404; P < 0.0001), with adults moving twice as much when immediately assessed compared with 168 h later. In addition, there was a quantitative interaction between presence of insecticide in the netting and holding duration (F = 17.6; df = 3, 404; P < 0.0001), with a greater reduction in distance moved at 24 and 72 h postexposure than immediately or 168 h after. Importantly, exposure to LLIN significantly reduced the movement of adults by two-to ninefold compared with exposure to control netting regardless of holding duration (Fig. 1 ). The interaction between exposure time and holding duration was not significant (F = 1.51; df = 6, 404; P = 0.18), nor was the three-way interaction that also included presence of insecticide in the netting (F = 1.26; df = 6, 404; P = 0.28). There was no significant difference in the movement of females and males after netting exposure (F = 2.38; df = 1, 404; P = 0.20), with a mean ± SE distance moved of 1,817 ± 104 cm and 1,963 ± 316 cm after exposure to control netting, respectively, which decreased to 514 ± 48 cm and 625 ± 80 cm after exposure to LLIN. Over the course of the 2-h trial, the distance moved by T. castaneum adults immediately after exposure to LLIN decreased from being equivalent to the distance moved by the controls to statistically indistinguishable from the distance moved by adults exposed to the netting after a postexposure holding duration of 24-168 h (Fig. 2 , post-hoc contrasts at 0-30 and 90-120 min), which is over fivefold reduction.
The angular velocity of adult T. castaneum was also affected by exposure to LLIN (F = 289; df = 1, 404; P < 0.0001; Fig. 3 ), which resulted in a 1.5-fold increased angular velocity compared with control netting. In addition, exposure time had a small but significant effect on the angular velocity of adults (F = 3.87; df = 2, 404; P < 0.05), with the angular velocity of adults about 100 deg/s greater after 10-min exposures compared with 1-min exposures. There was also a significant quantitative interaction between presence of insecticide in netting and exposure time (F = 6.69; df = 2, 404; P < 0.01), with the angular velocity over 250 deg/s greater after exposure to LLIN for 10 min compared with 1 min, while there was a uniform angular velocity of between 1,089 and 1,129 deg/s after exposure to control netting regardless of specific exposure time (Fig. 3) . The postexposure holding duration significantly affected the angular velocity (F = 17.1; df = 3, 404; P < 0.0001), with the angular velocity over 300 deg/s greater after examining adults 168 h later compared with immediately after applying the treatments (Fig. 3) .
While there was no a significant interaction between the exposure time and the holding duration (F = 0.440; df = 6, 404; P = 0.85), there was a significant interaction between the presence of insecticide and holding duration (F = 3.50; df = 3, 404; P < 0.05). The three-way interaction was not significant (F = 0.295; df = 6, 404; P = 0.94). At the beginning of the 2-h trials, the angular velocity exhibited by adult T. castaneum immediately after exposure to LLIN was statistically indistinguishable from the controls, but significantly less than for adults in longer postholding conditions. However, the angular velocity for the immediately exposed cohort rapidly rose until it was statistically similar to the adults exposed to LLIN after 24, 72, and 168 h (Fig. 4 , post-hoc contrasts).
Exposure to LLIN significantly affected the mortality of adult T. castaneum (χ 2 = 755; df = 1; P < 0.0001; Fig. 5 ). Overall, about 13 and 54% of the adults exposed to LLIN were alive or affected at the end of the 2-h trials, whereas 99 and 0% of the adults exposed to control netting were alive or affected. Mortality of adults was similar across the exposure times (χ 2 = 2.10; df = 2; P = 0.35), but there was a significant interaction of exposure time and presence of insecticide on mortality (χ 2 = 22.9; df = 2; P < 0.0001). In particular, the number of alive adults was 5-14 times greater for control netting-exposed compared with LLIN-exposed beetles (Fig. 4) . Adult mortality was significantly affected by the postexposure holding duration (χ 2 = 17.9; df = 3; P < 0.001; Fig. 5 ). Specifically, there was a significant interaction with the presence of insecticide (χ 2 = 167; df = 3; P < 0.0001), such that there was a low amount of recovery after 72 and 168 h, but not at earlier time points (Fig. 5) . However, after a week, 66.7% of the adults exposed to LLINs were still considered affected or dead, compared to 0% of the control beetles. Finally, there was no significant interaction between holding duration and exposure time (χ 2 = 0.27; df = 6; P = 0.99), or the three-way interaction among holding time, exposure time, and presence of insecticide on the distance moved by T. castaneum (χ 2 = 0.73; df = 6; P = 0.99).
Movement Assay: R. dominica
In total, 864 h of movement was recorded for R. dominica. For adults exposed to LLIN, distance moved was decreased by over threefold compared with control netting (F = 28.2; df = 1, 407; P < 0.0001). Exposure to LLIN for 1, 5, or 10 min resulted in nonsignificant, similar reductions in distance moved by adult R. dominica (F = 1.38; df = 2, 407; P = 0.25; Fig. 1 ). There was no significant interaction between the presence of insecticide in the netting and exposure time (F = 1.19; df = 2, 407; P = 0.31). The postexposure holding duration significantly affected the distance moved by adults (F = 3.56; df = 3, 407; P < 0.05), with beetles moving almost half the distance after 168 h compared with immediately after exposure to the netting (Fig. 1) . The interactions between holding duration and presence of insecticide in netting (F = 0.781; df = 3, 407; P = 0.51) and exposure time (F = 1.02; df = 6, 407; P = 0.41) were not significant, nor was the three-way interaction among the variables (F = 1.68; df = 6, 407; P = 0.12). Importantly, at every postexposure holding duration, the total distance moved by R. dominica exposed to LLIN was 3-4 times less than beetles exposed to control netting (Fig. 1) . Unlike T. castaneum, the decrease in distance moved by adult R. dominica after LLIN exposure was immediate, did not change over the 24-, 72-, and 168-h holding periods, and was always less than control adults (Fig. 4, post-hoc contrasts) .
As with T. castaneum, exposure to LLIN significantly increased the angular velocity of adult R. dominica by over 1.3-fold compared with control netting (F = 38.1; df = 1, 407; P < 0.0001). Exposure time did not significantly affect the angular velocity of adults (F = 3.56; df = 3, 407; P < 0.05), and regardless of the exposure time, the angular velocity increased by 335-366 deg/s for adults exposed to LLIN compared with control netting (Fig. 3) . In addition, the interaction between exposure time and the presence of insecticide in the netting on the angular velocity of adults was not significant (F = 0.029; df = 2, 407; P = 0.97). The postexposure holding duration significantly affected the angular velocity of adults (F = 3.56; df = 3, 407; P < 0.05), with the highest angular velocity for adults held for 168 h and the lowest for adults held for 72 h (Fig. 3 ). There was a significant interaction between the holding duration and the presence of insecticide (F = 6.24; df = 3, 407; P < 0.001), but not exposure time (F = 0.798; df = 6, 407; P = 0.57) or the three-way interaction among all the variables (F = 0.364; df = 6, 407; P = 0.90). Importantly, the adults exposed to LLIN had significantly elevated angular velocities 0-72 h after exposure compared with control netting, although by 168 h, the angular velocity between LLIN-exposed and control netting-exposed adults had equilibrated (Fig. 3) . The increase in angular velocity for LLIN-exposed R. dominica was immediate during the 2-h trials and elevated at every interval over all the other treatments, while adults exposed to LLIN but held for 24, 72, or 168 h exhibited a lower angular velocity that was closer to the controls (Fig. 4 , posthoc contrasts).
The effect of exposure of LLIN on R. dominica adult mortality was even more pronounced than for T. castaneum (χ 2 = 617; df = 1; P = 0.0001), with only 3.7% of adults alive after exposure to insecticide netting compared with 85% of adults alive after exposure to control netting. An additional 17% of adults were considered affected after exposure to LLINs, while there were no adults affected after exposure to control netting. Mortality of adults was not affected by exposure time (χ 2 = 0.68; df = 2; P = 0.71), with uniformly high mortality that was 5-8 times greater for adults exposed to LLIN compared with those exposed to control netting (Fig. 5 ). The interaction between exposure time and presence of insecticide was also not significant (χ 2 = 0.17; df = 2; P = 0.92). The postexposure holding duration had a significant impact on the mortality of R. dominica (χ 2 = 47.5; df = 3; P = 0.0001), with mortality almost double for adults held 168 h compared with those tested immediately. This was an interactive effect with the presence of insecticide (χ 2 = 29.5; df = 3; P = 0.0001) and was driven by mortality in the control after 168 h (Fig. 5) , likely exacerbated by the lack of food for a prolonged period. Importantly, the number of affected and dead adults after exposure to LLIN ranged from 93 to 100% compared with 0-14% after exposure to control netting. There was no significant interaction between holding duration and exposure time (χ 2 = 4.14; df = 6; P = 0.66), or all three variables (χ 2 = 0.19; df = 6; P = 0.85) on the mortality of R. dominica adults. (0), 30-60 (30), 60-90 (60) , and 90-120 min (90) in a 2-h movement assay after reclassification of variables into adults exposed and immediately run in the assay (dashed lines) or held for 24, 72, or 168 h and then tested (solid lines). Post-hoc contrasts were run between treatments at 0-30 and 90-120 min (Fisher's LSD, Bonferroni-corrected).
Dispersal Assay: T. castaneum
In total, 4,320 adult T. castaneum were tested for their ability to disperse to a new food resource. The presence of insecticide in the netting significantly affected their capacity to disperse (F = 2,151; df = 1, 89; P < 0.0001), with almost 19-fold fewer adults reaching the new food patch after being exposed to LLINs compared with control netting. The distance subtly but significantly affected the dispersal of adults to the new food patch (F = 8.60; df = 2, 89; P < 0.001; Fig. 4) , with slightly fewer adults reaching the new resource at 175 cm after exposure to control netting compared with the other distances. There was no significant interaction between presence of insecticide in the netting and distance (F = 1.59; df = 2, 89; P = 0.21). Importantly, regardless of distance, the number of adult T. castaneum reaching the new food patch after exposure to LLINs was 14-to 51-fold less compared with exposure after control netting, with the highest fold decrease at the longest distance (Fig. 4) . By contrast, the postexposure holding duration did not significantly affect the dispersal of adults (F = 1.06; df = 2, 89; P = 0.35; Fig. 4 ). In addition, the interaction between the holding duration and presence of insecticide (F = 2.45; df = 2, 89; P = 0.092) or distance (F = 0.284; df = 4, 89; P = 0.89), or the three-way interaction between all the variables (F = 0.493; df = 4, 89; P = 0.74), did not significantly affect the number of adults reaching the new food patch. Finally, sex also did not affect the dispersal capacity of adult T. castaneum (F = 1.63; df = 1, 89; P = 0.21), with an average of 18.5 ± 0.4 and 18.4 ± 0.4 females and males, respectively, reaching the new food patch after exposure to control netting while only 1.4 ± 0.4 and 0.52 ± 0.2, respectively, made it to the food patch after exposure to LLIN.
Only about 2% of the control adult T. castaneum were considered dead or affected, which was 48-fold lower than adults exposed to LLIN (χ 2 = 2,091; df = 1; P = 0.0001; Fig. 5 ). The postexposure holding duration did not impact the percentage of adults that were dead or affected (χ 2 = 3.09; df = 2; P = 0.21). There was no significant interaction between the holding duration and presence of insecticide (χ 2 = 0.328; df = 2; P = 0.90) on mortality. There was no significant difference among the associated mortality of adults in the distance treatments (χ 2 = 2.45; df = 2; P = 0.29). Finally, neither the two-way interactions between distance and presence of insecticide (χ 2 = 2.07; df = 2; P = 0.26) or holding duration (χ 2 = 2.05; df = 4; P = 0.73), nor the three-way interaction (χ 2 = 0.168; df = 4; P = 0.77) were significant.
Dispersal Assay: R. dominica
In total, 1,440 R. dominica adults were tested for their ability to disperse to a new food patch after exposure to control netting or LLINs. The presence of the insecticide had a significant influence on the dispersal capacity of R. dominica adults (F = 701; df = 1, 54; P < 0.0001), with not a single LLIN-exposed adult making it to the new food patch (Fig. 6) . The distance that adults had to move to reach the new food patch did not significantly influence their ability to reach the destination (F = 2.31; df = 2, 54; P = 0.11). However, the postexposure holding duration significantly affected the dispersal capacity of adults (F = 4.69; df = 2, 54; P < 0.05), with slightly fewer adults reaching the new food patch after being held for 10 min compared with being held for 24 h or being given the chance to disperse immediately, though this likely was not biologically meaningful. The interaction between postexposure holding duration and insecticide was significant (F = 4.54; df = 2, 54; P < 0.05), but importantly, regardless of postexposure holding time, no adult R. dominica reached the new food patch. The two-way interaction between distance and postexposure holding duration (F = 0.10; df = 4, 54; P = 0.98) or the three-way interaction between all the variables (F = 0.09; df = 4, 54; P = 0.99) did not significantly affect the dispersal capacity of adult R. dominica. Across the other treatments, 7.5 and 77% of the adults were considered alive and affected, respectively, after exposure to LLIN, while 98 and 0% of adults were alive and affected after exposure to control netting. Overall, the total percentage of LLIN-exposed adult R. dominica considered dead at the end of the experiment was 61-fold greater than those exposed to control netting (χ 2 = 2,714; df = 1; P < 0.0001; Fig. 7 ). There was no significant difference in mortality among individuals in different distance treatments (χ 2 = 3.10; df = 2; P = 0.13), and the interaction between distance and the presence of insecticide did not significantly affect the mortality of adults (χ 2 = 4.90; df = 2; P = 0.07). By contrast, the postexposure holding duration significantly affected the mortality of adults (χ 2 = 14.1; df = 2; P < 0.001), with somewhat more affected and fewer dead R. dominica after a 10-min and 24-h holding duration, compared with those who were only held for 1 min (Fig. 7) . There was a significant holding duration by distance interaction (χ 2 = 17.3; df = 4; P < 0.01), but not holding duration by presence of insecticide in the netting (χ 2 = 4.03; df = 2; P = 0.13) on mortality of adults. The threeway interaction between all the variables also did not significantly influence the mortality of adults (χ 2 = 0; df = 4; P = 1.0).
Discussion
This is the first study to examine, in-depth, the sublethal effects of exposure to LLIN on any stored product insects. Specifically, we evaluated how LLIN may impact the movement and dispersal capacity of T. castaneum and R. dominica. Previously, LLINs were demonstrated to be lethal to the same two stored product species in this study (Scheff et al. unpublished data) . However, the long exposure times required to induce mortality in that study and in another study using a different product (e.g., cypermethrin-coated netting) for control of Lasioderma serricorne (Fabricius) and Ephestia elutella (Hübner) (Rumbos et al. 2018) have raised questions about whether insecticide netting could effectively prevent dispersal of adult stored product pests after contact, especially considering that they can potentially crawl through the holes in the mesh. We have shown here that even brief exposure times of 1 min are sufficient to induce the same dramatically decreased movement and increased disorientation as longer 10-min exposures. In addition, a moderate exposure time of 5 min was sufficient to substantially reduce or effectively prevent the dispersal of adult stored product insects, with R. dominica the more susceptible of the two species studied. Vastly diminished dispersal capacity remained even after a 2-to 3-d period during which adult T. castaneum or R. dominica could have recovered, but did not. Even though two-thirds of the adults tested in the assays could be considered alive or affected after contact with insecticide netting, the behavioral data suggest that adults of both species are either incapable of dispersing to new food patches or show a marked reduction in dispersal capacity. This indicates that while mortality may be initially incomplete after brief periods of contact with the netting, brief exposure such as might occur if used in windows or vents in a food facility or bin may be adequate for halting immigrating insects.
Prior work with stored product insects has demonstrated a range of sublethal effects due to insecticide exposure. For example, the movement and velocity of the stored product psocids, Liposcelis bostrychophila Badonnel and Liposcelis entomophila (Enderlein), were reduced by approximately a third when exposed to concrete surfaces treated with β-cyfluthrin and pyrethrins (Guedes et al. 2008) . Research evaluating the effects of sublethal exposure of phosphine on R. dominica found that it decreased the movement of three different populations of beetles in Brazil, including susceptible and resistant populations (Pimentel et al. 2012) . Guedes et al. (2009) found that the resting time by adult S. zeamais increased by a third in deltamethrin-exposed individuals, but the total distance moved and velocity were not significantly different between insecticide-exposed and control individuals. In contrast, we found that the total distance moved by T. castaneum and R. dominica decreased by three-to fourfold after exposure to LLIN compared with the controls. Moreover, we found that T. castaneum exposed to LLIN quickly manifest multiple-fold reductions in movement within 2 h after exposure, while behavioral effects for R. dominica are even more immediate. Behavioral effects from LLIN exposure for both species lasted up to 7 d after exposure, suggesting that exposure to this technology has both immediate and lasting effects on the dispersal of both species. As Guedes et al. (2011) pointed out, incorporating knowledge of the sublethal effects of insecticide exposure into insecticide evaluations is extremely important. When this information is included in evaluating the efficacy of LLINs as barriers, we find this technology to be (60), and 90-120 min (90) in a 2-h movement assay after reclassification of variables into adults exposed and immediately run in the assay (dashed lines) or held for 24, 72, or 168 h and then tested (solid lines). Post-hoc contrasts were run between treatments at 0-30 and 90-120 min (Fisher's LSD, Bonferroni-corrected). potent at preventing dispersal of stored product insects that have been intercepted by the netting.
Stored product insects, including R. dominica, can immigrate into food facilities from the surrounding landscape during warmer periods in the year in the United States (Toews et al. 2006) . A variety of studies have documented their presence in and around stored product facilities (Semeao et al. 2013 , McKay et al. 2017 . Many stored product facilities are insecurely sealed from the surrounding environment, with vents, windows, crevices, awnings, and other openings that render them vulnerable to infestation by immigrating insects. LLIN technology may potentially be useful for sealing these openings. While stored product insects may be sufficiently small to pass through the LLIN used in this study, we have shown that even brief contact can have immediate and lasting consequences to their ability to move on and disperse to new food resources. The wider mesh is an advantage over the fine screening needed to physically prevent insect movement because it may be less likely to be clogged by grain dust and small particulates and will allow greater air flow, while still reducing immigration of stored product insects from the surrounding landscape.
There are a variety of potential uses for LLINs in the setting of food facilities. For example, possible uses for LLINs include being incorporated as screening on vents and windows, and as a barrier covering pallets of food. However, one problem associated with LLINs is the incomplete dosing of insecticide that insects may receive after brief contact. This may be ameliorated by using netting that is paired with an attractant in an attract-and-kill context to control stored product insects. Attract-and-kill is based on the concept of attracting a pest to a spatially circumscribed area and eliminating them from the foraging population with a killing mechanism, usually an insecticide (Morrison et al. 2016 , reviewed in Gregg et al. 2018 . Pairing the netting with attractive semiochemicals may increase interception of immigrating stored product pests before they reach a commodity and induce prolonged exposure to the insecticideincorporated netting by exploiting their taxis toward pheromones, food cues, or other salient semiochemicals (Morrison et al. 2017b ). In the future, developing trapping devices that are compatible with the behavior of stored product insects and use of the netting should be a priority.
A related tactic is the use of long-lasting insecticide-treated bags to store grain for smallholders in developing countries. One such bag is Zerofly with 0.3% deltamethrin and produced by the same company that produced the nets in the current study. This technology is very promising and was able to keep insect-damaged kernels below 5% over 4 mo (Paudyal et al. 2017) . T. castaneum adults that were exposed to insecticide-incorporated packaging for 4-20 h produced 3 times fewer F1 progeny than adults exposed for 0-2 h, and those exposed for >48 h showed no progeny at all, suggesting that longer exposure times may increase the severity of sublethal effects (Scheff and Arthur 2018) . Combined with our own study, this highlights that long-lasting insecticide bags may also have substantial sublethal effects on stored product insects, which may potentially lead to a less robust pest population in areas where the bags are kept. Further research on insecticide-treated bags should incorporate information about sublethal effects on movement and dispersal in making an overall determination of effectiveness.
With increasing resistance to phosphine documented around the world (Zettler et al. 1989 , Pimentel et al. 2009 , Opit et al. 2012 , Nguyen et al. 2016 , Cato et al. 2017 , it is increasingly important to provide alternative management tactics to food facility managers. LLINs appear effective at incapacitating T. castaneum and R. dominica, either through direct lethal effects or indirect sublethal changes to behavior. Future work should demonstrate 1) the effectiveness of LLINs against the immature stages of stored product pests, 2) that LLINs have a long residual effectiveness under field conditions even in the presence of food dust, 3) LLINs function even when insects have direct access to food after exposure, and 4) that the use of LLINs can reduce populations of stored product insects under field conditions compared with standard management approaches. At the moment, LLINs are a very promising technology, and their eventual inclusion in IPM programs may help relieve the difficulty that food facility managers are under in ensuring stored products are free from infestation. Fig. 7 . The percentage of adult Tribolium castaneum (top) and Rhyzopertha dominica (bottom) after 5-min exposure to long-lasting insecticideincorporated netting (LLIN) or control netting that were alive (blue), affected (yellow), or dead (red) after varying postexposure holding durations at the conclusion of a 2-h dispersal assay.
